Objective-Natural immunity is emerging as an important mediator of protection from atherogenesis. Natural IgM antibodies that recognize oxidation-specific epitopes on low-density lipoprotein or phospholipids and the B-1a B cells that produce them attenuate atherosclerosis. We previously demonstrated that Apoe −/− mice globally deficient in the helix-loop-helix protein inhibitor of differentiation 3 (Id3) develop early diet-induced atherosclerosis. Furthermore, B cell-mediated attenuation of atherosclerosis in B cell-deficient mice was dependent on Id3. Here, we sought to determine whether Id3 regulates B-1a B cells and the natural antibodies that they produce and identify mechanisms mediating these effects. Approach and Results-Mice lacking Id3 had significantly fewer B-1a B cells in the spleen and peritoneal cavity and reduced serum levels of the natural antibody E06. B cell-specific deletion of Id3 revealed that this effect was not because of the loss of Id3 in B cells. Interleukin (IL)-33 induced abundant, Id3-dependent IL-5 production in the recently identified innate lymphoid cell, the natural helper (NH) cell, but not Th2 or mast cells. In addition, delivery of IL-5 to Id3-deficient mice restored B-1a B cell proliferation. B-1a B cells were present in aortic samples also containing NH cells. Aortic NH cells produced IL-5, a B-1a B cell mitogen in response to IL-33 stimulation. Conclusions-These studies are the first to identify NH and B-1a B cells in the aorta and provide evidence that Id3 is a key regulator of NH cell IL-5 production and B-1a B cell homeostasis. (Arterioscler Thromb Vasc Biol. 2013;33:2771-2779.)
A therosclerosis is a chronic inflammatory disease of the blood vessel wall that can lead to heart attacks and stroke. Despite current therapy targeting traditional risk factors, atherosclerosis remains the leading cause of death in Westernized countries. 1 Substantial work during the past several decades clearly establishes a key role for the immune system in the atherosclerosis development and progression. 2, 3 As such, immune modulation holds promise as an effective addition to current prevention approaches. Thus, a deeper understanding of the contributions of various immune cells to atherogenesis is of key importance. Although abundant evidence implicates macrophages and some T cell subsets in promoting inflammation in the vessel wall, [3] [4] [5] [6] B cells have emerged as another important immune cell that can modulate atherogenesis. Characterization of atheroprotective antibodies, passive and active immunization studies, [7] [8] [9] [10] [11] [12] [13] [14] and adoptive transfer studies of splenic B cells from Apoe −/− mice 15, 16 support an atheroprotective role for B cells in mice. Yet, recent studies suggest that the role of B cells is subset dependent, where B-2 B cells may be atherogenic and B-1a B cells protective. 17 
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A subset of B cells from the B-1 lineage, the B-1a B cell, 18, 19 has been reported to rescue enhanced atherosclerosis caused by splenectomy. Atheroprotection was demonstrated to be dependent on the ability of the B-1a B cells to secrete IgM natural antibodies (NAbs). 20 B-1a B cells are considered part of the innate immune system, develop from fetal tissues, have a high capacity to undergo homeostatic proliferation, 18, 19, [21] [22] [23] [24] and spontaneously secrete IgM NAbs. 14, 20, 25 IgM NAbs are present before pathogen exposure, recognize self-antigens for housekeeping functions, 26, 27 and are thought to be the product of natural selection. A representative IgM NAb, E06, has been reported to be atheroprotective through recognition of oxidation-specific epitopes on oxidized low-density lipoprotein and apoptotic cells, blocking the uptake of oxidized low-density lipoprotein by macrophage scavenger receptors and mediating apoptotic cell clearance. 25, 26, [28] [29] [30] [31] Although B-1a B cells are important because of the IgM NAbs they produce, the factors that regulate B-1a B cells in atherosclerosis are poorly understood. Interleukin (IL)-5 is an important atheroprotective December 2013 cytokine known to promote B-1a B cell proliferation and E06 production. 14, [32] [33] [34] Many cell types, including Th2 T cells and the recently discovered natural helper (NH) cells, produce IL-5. Moreover, NH cells produce large amounts of IL-5 relative to other IL-5-producing cells. 35 NH cells belong to an emerging arm of the innate lymphoid cell family, the group 2 innate lymphoid cell helper subset. [36] [37] [38] [39] [40] NH cells are organized into fat-associated lymphoid clusters in the mesenteric adipose depot. No specific markers have been identified that define NH cells, and they are therefore defined by lineage negative (lin−). They are positive for Sca1, CD117 (c-kit), CD44, CD90, and the IL-33R (T1/ ST2). 35, 41 NH cells produce mainly Th2-associated cytokines in response to a variety of stimuli, including IL-33. Direct evidence with coculture experiments demonstrates that NH cells support B-1 B cell proliferation, similar to IL-5 alone. 35 Inhibitor of differentiation 3 (Id3), a helix-loop-helix protein, is a widely expressed dominant-negative regulator of gene transcription that acts through interaction with DNA binding basic helix-loop-helix proteins, such as E-proteins. 42 These helix-loop-helix proteins are part of a complex generegulatory network of lineage-specific transcription factors that orchestrate lymphocyte development and activation. [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] Studies suggest that Id3 is also important in human and murine atherosclerosis. In humans, the ID3 gene contains a single nucleotide polymorphism (SNP) at rs11574. This nonsynonymous SNP results in an amino acid substitution in the C terminus of the ID3 protein, which attenuates ID3 antagonism of the E-protein, E12. Notably, this SNP is associated with increased carotid intimal media thickness in humans, 53 suggesting that loss of Id3 function may promote vascular disease. In murine models, global deletion of Id3 results in increased atherosclerosis in both Ldlr −/− and Apoe −/− mice. [53] [54] [55] Moreover, Id3 was necessary for B cell-mediated attenuation of atherosclerosis in B cell-deficient/Apoe −/− mice. 54, 55 Id3 has also been reported to modulate B cell homing and vessel wall adhesion molecule expression, 54, 55 yet Id3 may also regulate factors involved in innate immunity as loss of Id3 in Apoe −/− mice resulted in early onset of diet-induced atherosclerosis. 54 These results raise the interesting hypothesis that Id3 may be an important regulator of B-1a B cells and natural immunity.
The present study demonstrates that Id3 is important for maintenance of splenic and peritoneal cavity (PerC) B-1a B cells and serum levels of E06. However, Id3 regulation of the B-1a B cell pool is because of the loss of Id3 in a non-B cell population as B-1a B cell number were unchanged in mice with B cell-specific loss of Id3. Indeed, loss of Id3 significantly reduced NH cell production of the B-1a B cell mitogen, IL-5. In addition to the mesentery, NH cells are present and produce IL-5 in response to IL-33 stimulation in the aortic adventitia/surrounding perivascular adipose tissue (PVAT). B-1a B cells were also found in the aortic adventitia/surrounding PVAT. These results provide the first evidence that NH cells and B-1a cells are present in the aorta and implicate Id3 as a key regulator of NH cell IL-5 production and B-1a B cell homeostasis.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

Id3 Regulates B-1a B Cell Number in Apoe −/− Mice
Previous studies demonstrate that B-1a B cells are atheroprotective by producing IgM NAbs. 11, 14, 20, 25, 56, 57 To determine whether Id3 regulates B-1a B cell number in Apoe −/− mice, B-1a B cells in Id3 +/+ Apoe −/− and Id3 −/− Apoe −/− mice were measured by flow cytometry. The gating strategy has been previously described, 58, 59 and Figure ( Figure 1A ). This effect was not dependent on hypercholesterolemia, as there was also a decrease in the frequency of B-1a B cells in C57BL/6 mice lacking Id3 ( Figure Id3 has been shown to be necessary for protection from atherosclerosis in Apoe −/− mice. 53, 54 To investigate whether the global loss of Id3 resulted in alterations of other immune cell populations important in atherosclerosis, flow cytometry was performed for splenic CD4+ T cells, CD4+Foxp3+ regulatory T cells, CD8+ T cells, and peritoneal CD4+ T cells, CD8+ T cells, and F4/80+ macrophages in Id3 −/− Apoe −/− and Id3 +/+ Apoe −/− mice. No differences were observed in the proportions of these populations (data not shown). Cholesterol levels also affect atherogenesis, 2 and there was no difference in the serum lipid profiles of Id3 −/− Apoe −/− mice compared with control mice ( Table I in the online-only Data Supplement) consistent with previous observations. 54 To determine whether the reduced number of B-1a B cells in Id3 −/− Apoe −/− mice was because of the loss of Id3 in B cells, Id3 was specifically deleted in B cells on the Apoe −/− background. These mice were generated by first crossing a floxed Id3 allele onto the Apoe −/− background to produce Id3 fl/fl Apoe −/− mice. These mice were then crossed with Apoe −/− CD19 cre/+ mice to produce Figure 2B ). However, in contrast Id3 −/− Apoe −/− mice, despite the loss of Id3, the number of PerC B-1a B cells detected in Id3 fl/fl Apoe −/− CD19 cre/+ mice was equivalent to that detected in control mice. Furthermore, the amount of EO6 antibody detected in the serum was also the same ( Figure 2C ). These results suggest that Id3 regulates B-1a B cell number through effects in a cell type other than B cells.
Loss of Id3 Markedly Attenuates IL-33-Induced IL-5 Production
IL-5 is an IL-33-induced Th2 cytokine critically important for homeostatic proliferation and survival of B-1a B cells. To determine whether Id3 is necessary for IL-33-induced production of IL-5, Id3 +/+ Apoe −/− and Id3 −/− Apoe −/− mice were treated with PBS vehicle control or IL-33, and serum and peritoneal fluid IL-5 levels were measured by a high-sensitivity ELISA. As presented in Figure 3A , IL-33 induced abundant IL-5 in the serum and peritoneal fluid, and this effect was abolished in mice lacking Id3. IL-5 was undetectable in the serum and peritoneal fluid of PBS-treated Apoe −/− mice, consistent with previous reports 35 ( Figure  3A ). Because Id3 −/− Apoe −/− mice had a markedly attenuated IL-33-induced IL-5 response and reduced homeostatic proliferation of B-1a B cells, we next sought to determine whether the delivery of exogenous IL-5 could increase the Figure 3B ).
Id3 Regulates NH Cell Production of IL-5
Previous studies have identified NH cells as the predominant source of IL-33-induced IL-5 production in vivo, and coculture experiments demonstrated that NH cells can directly support B-1 B cell proliferation. 33, 35 To determine whether Id3 −/− Apoe −/− mice had lower IL-33-induced IL-5 serum and peritoneal fluid levels because of fewer total number of NH cells, flow cytometry was performed to quantify NH cells in the mesentery. NH cells were identified as CD45+, lineage negative (Lin−: CD3ε, CD4, CD5, CD8α, CD11b, CD11c, CD19, CD45R/B220, FcεR1α, Ly6G, NK1.1, TCRβ, TCRγδ, and Ter119) Sca1+ CD117+ T1/ST2+ CD90+ and CD44+ cells 35 (Figure 4A) . In contrast to mice that are null for Id2 and lack NH cells, 35 Id3 −/− Apoe −/− mice contain a similar number of NH cells compared with Id3 +/+ Apoe −/− mice ( Figure IIIA in the online-only Data Supplement). In addition, the lower IL-33induced IL-5 serum levels were not because of Id3 regulation of the IL-33 receptor, T1/ST2, on NH cells as Id3 −/− Apoe −/− mice had similar expression of NH cell T1/ST2 compared with control mice ( Figure 4A ). There was also no difference in levels of IL-33 in the peritoneal fluid of Id3 −/− Apoe −/− mice compared with control mice (21.78±10.01 versus 29.11±8.18 pg/mL, respectively; n=6), and serum levels were below the sensitivity of the assay (≤2.39 pg/mL). To determine whether Id3 regulates production of IL-5 by a specific Th2 cytokineproducing cell, flow cytometry with intracellular cytokine staining for IL-5 was performed on isolated cells cultured with IL-33. Consistent with previous reports, 35 the percentage of NH cells producing IL-5 is markedly higher than other Th2 cytokine-producing cells, such as polarized CD4+ T cells and bone-marrow-derived mast cells ( Figure 4B ). Intracellular cytokine staining of IL-5 in IL-33-treated basophils or eosinophils was not detected (data not shown). Furthermore, 94.5%, on average, of IL-5-producing cells in the fat-associated lymphoid clusters were NH cells. Interestingly, there was a 50% reduction in the percentage of NH cells that produce IL-5 in response to IL-33 in Id3 −/− Apoe −/− mice compared with NH cells isolated from control Id3 +/+ Apoe −/− mice. Consistent with previous data, 35 NH cells do not produce detectable interferon-γ. Loss of Id3 did not alter IL-5 production in CD4+ T cells or bone-marrow-derived mast cells, other cell types known to produce IL-5 ( Figure 4B ).
Id3 is known to both activate and antagonize gene expression through the regulation of promoter elements termed E-boxes. The IL-5 promoter contains several of these E-box elements.
To determine whether Id3 regulates the IL-5 promoter, an IL-5 luciferase promoter-reporter, pLS-IL5, was cotransfected with control empty vector (pEF4) or Id3 (pEF4-Id3) in a lymphoid cell line. As shown in Figure 4C , Id3 significantly increases IL-5 promoter activity above control empty vector. Western blots confirm Id3 protein overexpression. Together, results demonstrate that Id3 regulates IL-5 expression in lymphoid cells and in particular, NH cells.
IL-5-Producing NH Cells and B-1a B Cells Are Present in the Perivascular Aortic Adipose Tissue
NH cells reside in fat-associated lymphoid clusters in the mesenteric adipose depot. The PVAT also contains immune cells, is intimately associated with the adventitial layer of the vessel wall, and has been implicated in regulating atherogenesis. 5, 60 B cells are known to reside in the adventitial layer of vessels and the presence of B cells in the adventitia has been associated with both atherogenesis 61 and atheroprotection. 54 However, whether NH cells and B-1a B cells are present in periaortic adipose tissue and adventitia is unknown.
To determine whether NH cells reside in periaortic adipose tissue, flow cytometry for NH cells was performed on cells isolated from whole aortas including the adjacent adventitia and PVAT from chow-fed, 8-to 10-week-old Apoe −/− mice. Indeed, a population of NH cells, identified as CD45+ Lin− Sca1+ CD117+ cells, was present in whole aortas of Apoe −/− mice ( Figure 5A ). Similar to the mesentery, the number of aortic NH cells was not different with the loss of Id3 ( Figure  IIIB in the online-only Data Supplement). Aortic NH cells expressed markers such as CD44, CD90, and the IL-33 receptor (T1/ST2) comparable with mesenteric NH cells. Similar to NH cells in the lung, intestines, and mesentery, these NH cells did not express C-C chemokine receptor 6. 41 To determine whether aortic NH cells produce IL-5 in response to IL-33 stimulation in vivo, Apoe −/− mice were treated with PBS vehicle control or IL-33 every 2 days and euthanized on day 7. Flow cytometry analysis of whole aortas revealed IL-33induced IL-5 expression in aortic NH cells ( Figure 5B ). NH cells have been shown to directly support B-1 B cell proliferation. 35 To determine whether B-1a B cells also reside in and around the aorta of mice before atheroma development, flow cytometry was performed on aortas including the periaortic adventitia and PVAT for B cell subsets. B-1a cells were present in the whole aorta ( Figure 5C ). To determine whether IL-33 can induce B-1a B cell proliferation in the aorta, Apoe −/− mice were treated with PBS vehicle control or IL-33 every 2 days with BrdU coinjected for the final treatment and Figure 5D ). These data are the first to identify NH cells and B-1a B cells in the aortic adventitia/PVAT and provide evidence that IL-33 can induce aortic NH cells to increase local IL-5 production and B-1a B cell proliferation.
Discussion
The present study provides evidence that Id3 is a key mediator of natural immunity and the IL-33/IL-5 pathway using a genetic model of early and accelerated atherosclerosis, the Apoe −/− mouse null for Id3. 53, 54 First, we show reduced numbers and proliferation of B-1a B cells and lower serum levels of an IgM NAb, E06, in Id3 −/− Apoe −/− mice. However, when Id3 is deleted only in B cells, there is no effect on B-1a B cell number or E06 serum levels, suggesting that Id3 regulates the number of B-1a B cells by a mechanism that involves a non-B cell. Second, we show that IL-33-induced IL-5 levels are attenuated in Id3 −/− Apoe −/− mice, and administration of IL-5 can rescue the B-1a B cell proliferation defect in Id3 −/− Apoe −/− mice. Third, we show reduced production of IL-5 in IL-33-treated NH cells isolated from Id3 −/− Apoe −/− mice. We also demonstrate by flow cytometry that the aorta, including the adventitia and PVAT, contain B-1a B cells and NH cells. Aortic NH cells can be stimulated to produce the IL-5 that may maintain B-1a B cell proliferation. Thus, our data identify Id3 as a key regulator of NH cell production of the atheroprotective cytokine IL-5 that promotes B-1a B cell proliferation ( Figure 6 ), linking this event to natural immune protection from atherosclerosis.
Natural IgM antibodies, such as E06, and the B-1a B cells that produce these antibodies have been reported to attenuate diet-induced atherosclerosis. 7, 8, 11, 14, 20, 25, 26, 29, 31, 56, 57 Kyaw et al 20 demonstrated a significant reduction in the number of PerC B-1a B cells and levels of serum IgM antibodies that bind modified lipids after splenectomy, which was associated with enhanced atherosclerosis in Apoe −/− mice. Moreover, adoptive transfer of B-1a B cells was shown to rescue splenectomyinduced atherosclerosis, an effect dependent on the ability for B-1a B cells to secrete IgM. 20 Here, we provide evidence that Id3 may be a key factor for maintaining normal numbers of B-1a B cells and levels of E06 in the serum, suggesting that Id3 may be important in B-1a B cell-mediated atheroprotection. However, B cell-specific deletion of Id3 did not have reduced number of B-1a B cells or levels of E06 in the serum compared with controls, suggesting that it is the loss of Id3 in a non-B cell that results in altered B-1a B cell homeostatic maintenance in Id3 −/− Apoe −/− mice.
Results herein demonstrate that Id3 regulates IL-33-induced systemic levels of IL-5. Consistent with IL-5's known ability to promote homeostatic proliferation of B-1a B cells, 33 administration of exogenous IL-5 rescued B-1a B cell proliferation in Id3-deficient mice. Similar to Id3, 53, 54 both IL-33 and IL-5 attenuate atherosclerosis. 14, 62, 63 Treatment with IL-33 increased serum levels of IL-5 and oxidation-specific IgM antibodies and reduced lesion size in Apoe −/− mice. 62, 63 In addition, Ldlr −/− mice reconstituted with Il5 −/− bone marrow had decreased amounts of plasma E06 antibody and increased atherosclerosis compared with controls. 14 In the present study, we provide evidence that Id3 regulates levels of IL-5, thereby mediating this important IL-33/IL-5 atheroprotective pathway.
Id3 regulates the production of IL-5 by the recently identified innate lymphoid cell, the NH cell. 35 Importantly, Id3 is not required for the development of NH cells, unlike Id2. 35 NH cells produce large amounts of IL-5 in response to IL-33 relative to Th2 cells, basophils, invariant natural killer T cells, mast cells, and CD43+ cells. 35, 64, 65 Results of the present study support these findings in that IL-33 stimulated 50% of NH cells to produce IL-5, whereas <2% of Th2 or mast cells were IL-5 producing. In this study, we did not detect any basophils and eosinophils producing IL-5 in response to IL-33. Moreover, of these cell types, only NH cells showed reduced percentage of IL-33-stimulated IL-5-producing cells in Apoe −/− mice with deletion of Id3. Of note, differences in the intracellular staining for IL-5 in NH cells harvested from Id3 −/− Apoe −/− mice compared with control mice were less marked than differences in the serum and peritoneal fluid, raising the interesting possibility that there may be an additional, yet unidentified, cell type producing IL-5 in an Id3-dependent manner. Although NH cell-specific deletion of Id3 would help address this question, this is not feasible as there is no lineage-specific marker for NH cells. Moreover, it is more likely that measuring intracellular levels of this secreted protein under-represents the effects of Id3 on total production of IL-5, including that which has already been secreted. Nevertheless, results clearly demonstrate that Id3 regulates NH cell production of IL-5 in response to IL-33.
Although lymphocytes have long been identified in human and murine aortic adventitia, 66, 67 recent studies provide evidence that adventitial lymphocyte activation, including B cells, may be important in regulating atherosclerosis. 54, 55, 61, [68] [69] [70] Data from this study suggest that adventitial/PVAT B-1a B cells and NH cells present before Western diet initiation may be part of the local IL-33/IL-5 pathway poised to protect from atherogenesis. Aortic NH cells express markers identical to fat-associated lymphoid clusters NH cells including the IL-33 receptor. IL-33 is produced by cells in the aortic adventitia, 62 which may provide a local stimulus for NH cell production of IL-5. Exogenous IL-33 induced IL-5 production by NH cells and proliferation of aortic B-1a B cells in vivo, suggesting that NH cell-derived IL-5 may function to support proliferation of the resident B-1a B cells. These B-1a B cells could produce E06 or other natural IgM antibodies in the adventitia/PVAT. 71 Although further study is needed to more fully understand the role of innate-like lymphocytes in the aortic adventitia and surrounding PVAT, results herein demonstrate the existence of functional aortic NH cells.
The present study is the first to demonstrate Id3 regulation of the IL-33/IL-5 pathway and natural immunity. As we have clearly shown that loss of Id3 leads to early atherosclerosis in mice, 54, 55 this may be an important mechanism whereby Id3 promotes innate protection from atherosclerosis. Prior studies demonstrated that loss of Id3 led to decreased B cell homing to the aorta 54, 55 and increased intimal adhesion molecule expression 55 in atheroprone mouse models. In addition, it is interesting to speculate that Id3 may also provide atheroprotection by regulating regulatory T cells. Regulatory T cells have been shown to be atheroprotective, 4 and Id3 has been implicated in the promotion of regulatory T cell development in neonates 47 ; although consistent with previous data, 47 we did not observe a difference in the frequency of regulatory T cells with the loss of Id3. There may be other, as yet unidentified, mechanisms whereby Id3 may regulate atheroprotection. The fact that a single SNP in a single gene (ID3) is associated with carotid intimal medial thickness in humans would support a role for Id3 in regulating pathways in many cell types involved in atherosclerosis. Although the SNP does not result in reduced expression of Id3 protein, as seen with a knockout mouse, it does result in decreased Id3 binding to its basic helix-loop-helix partner, E12, which markedly attenuates Id3 function. 53 Therefore, identification of specific Id3-mediated atheroprotective pathways, such as the IL-33/IL-5 axis, in mice has the potential to lead to interesting hypotheses that can be tested in humans, such as whether humans with polymorphism at rs11574 have alterations in natural immunity that could be linked to premature atherosclerosis. Such findings may identify individuals amenable to novel prevention or treatment approaches.
